DNA from 59 Beauveria bassiana isolates and one B. brongniartii isolate were subjected to inter-simple-sequence-repeat-anchored polymerase chain reaction (ISSR-PCR) amplification with three short, 14-18-nucleotide primers that included tandemly repeated sequences. ISSR-PCR was found to be highly reproducible since DNA amplification from several single-spore-isolate subcultures of the B. bassiana F-263 isolate resulted in identical banding patterns. Each primer produced highly polymorphic bands, and high gene diversities for each primer were estimated with a range from 0.24 to 0.28. Consequently, all B. bassiana isolates, including F-263, were characterized by unique banding patterns. A dendrogram created by unweighted pair group method analysis (UPGMA) of ISSR-PCR data showed several small clades composed of isolates that originated from the insect order Coleoptera. They were dispersed throughout the dendrogram and did not comprise a large clade. A similar pattern was found for isolates from Lepidoptera and Hymenoptera.
INTRODUCTION
Beauveria bassiana is a ubiquitous, mitosporic fungus that is pathogenic on insects and has a broad host range. It is widely used as a microbial control agent for agricultural and forest insect pests. Populations of B. bassiana comprise both genetically and phenotypically diverse isolates. Different isolates, which show a wide variation in virulence to different insect hosts, can easily be obtained from the environment using simple media (Rehner, 2005) . This diversity provides a source of candidate fungal entomopathogens for microbial control of insect pests and has encouraged research into the development of mycoinsecticides based on this fungus (Inglis et al., 2001) .
Studies on intraspecific genetic variations of fungi pathogenic on insects can provide useful information for microbial control such as isolate identification or host range associations of fungal species (Bidochka and Small, 2005; Rehner, 2005) ; however, such studies have not been conducted for B. bassiana isolates from Japan. Intraspecific variation of insect fungi has been studied using various molecular methods, including random amplified polymorphic DNA (RAPD), restriction fragment length polymorphisms (RFLP), amplified fragment length polymorphisms (AFLP), and microsatellite analyses, revealing considerable genetic variation within species (Castrillo et al., 2005) . DNA fingerprinting with inter-simple-sequence-repeat-anchored polymerase chain reaction (ISSR-PCR) is a relatively new technique and is considered to provide superior discrimination among fungal isolates compared to other methods because it produces quite variable fingerprints with a large number of fragments throughout the genome (Taylor et al., 1999) . This method is similar to RAPD analysis, which has been predominantly used to identify isolates, requiring no prior sequence information. In addition, it is comparatively inexpensive, rapid, and simple to perform; however, as a crucial difference, This study aimed to demonstrate the suitability and reproducibility of ISSR-PCR as a isolate-specific marker, compare ISSR-PCR with RAPD for detecting genetic diversity, and ascertain whether ISSR-PCR reveals host-insect associations of B. bassiana isolates from Japan.
MATERIALS AND METHODS
Fungi. An isolate of B. bassiana F-263 was collected from a larva of the Japanese pine sawyer, Monochamus alternatus Hope in Kumamoto Prefecture, Kyushu, Japan, in 1980. This isolate has been studied for use as a mycoinsecticide against M. alternatus. In the present study, the reproducibility of ISSR-PCR was exemplified using this isolate. Fifty-nine B. bassiana isolates and one B. brongniartii isolate from the fungal collection of the Forestry and Forest Products Research Institute (FFPRI collection) were used for characterization by ISSR-PCR (Table 1) .
Preparation of DNA.
Isolates were grown in 15 ml of 2% glucose and 1% peptone medium at 25°C with shaking at 180 rpm. After 2 days, cultures were supplemented with 10 ml of 2% glucose, 1% peptone, 0.1% yeast extract medium, and incubated for an additional 24 h under the same conditions. DNA was extracted from mycelia collected from 6 ml of cultures using a previously described method (Shimazu and Takatsuka, 2006) . Briefly, protoplasts were generated from mycelia using Glucanex ® (Sigma-Aldrich Co., St. Louis, MO, USA), burst in TE buffer [10 mM Tris-HCl (pH 8.0) 1 mM EDTA] containing 2% SDS, and treated sequentially with proteinase K and RNase A. Purification was performed using the PUREGENE Tissue DNA Purification Kit (Qiagen, Tokyo, Japan).
ISSR-PCR. Three 5Ј-anchored ISSR primers, CGA [5Ј-DHB(CGACGACGACGACGA)], CCA [5Ј-DD(CCACCACCACCACCA)], and GT [5Ј-YHY(GTGTGTGTGTG)], were used as described by Hantula et al. (1996) . D, H, B, and Y indicate degenerated sites: D (G, A, or T), H (A, T, or C), B (G, T, or C), and Y (G, A, or C). Amplification reactions were carried out in 20 ml volumes containing 200 mM dNTPs, 1ϫPCR buffer, 1.5 mM MgCl 2 , 0.5 unit rTaq DNA polymerase (Takara Bio Inc., Shiga, Japan), 0.4 mM primer, and template DNA. PCR conditions were as follows: after an initial denaturation at 94°C for 4 min, 35 cycles were performed consisting of denaturation at 94°C for 1 min, annealing at primer-dependent temperatures for 2 min, and extension at 72°C for 2 min, concluding with 10-min incubation at 72°C. Annealing F-577, F-584, F-608, F-699, F-749, F-850, F-884, F-993, F-1017, F-1069, F-1111, F-1184, F-1205, F-1410, F-1413, F-1525, F-1662, F-1728, and F-1772 , were subjected to RAPD analysis. The F-263 isolate was also included in this analysis. A-13 (CAGCACCCAC), C-2 (GTGAGGCGTC), and C-5 (GATGACCGCC) (Operon Biotechnologies Inc., Huntsville, AL, USA) were used. These were found to produce reproducible bands in a preliminary screening for RAPD primers. Amplification reactions were carried out using the same PCR composition mixture as used in ISSR-PCR. PCR conditions were 94°C for 4 min, followed by 35 cycles at 94°C for 1 min, 37°C for 1 min, and 72°C for 2 min, concluding with 72°C for 7 min.
Data analyses. Polymorphic bands from ISSR-PCR analyses were individually identified by their specific migration rates. After bands were distinctively identified, a binary (0/1) matrix was constructed to compare the banding patterns. FreeTree (Pavlicek et al., 1999) was used to generate a cladogram by unweighted pair group method analysis (UPGMA) of similarity matrices created using Jaccard's coefficient. Node support was evaluated by performing 1,000 replications of nonparametric bootstrap resampling within the program, FreeTree. The tree was displayed using TreeView (Page, 1996) . The gene diversity of each locus was estimated using the equation:
where ĥ is the gene diversity estimate, x i is the frequency of the ith allele, and n is the number of individuals sampled (Nei, 1987) . Gene diversities for ISSR and RAPD primers were then calculated as the average gene diversity over all the loci analyzed. In the case of ISSR-PCR and RAPD, x i is the frequency of the ith reaction pattern (presence/absence). Similarity matrices created using ISSR-PCR and RAPD data of 20 isolates were analyzed with the Mantel test for congruency between the two methods. The significance of the standardized Mantel statistic was evaluated by a permutational test with 9,999 permutations of the original data set. It was further addressed whether a correlation existed between genetic similarity and host affiliation in Japanese isolates of B. bassiana. A permutation tail probability test (PTP test) (Archie, 1989) was therefore performed using the computer program TREEPT (Flegr et al., 1998) . In this program, the average distance between sister OTUs (operational taxonomic units, i.e., sister isolates or sister branches of the tree) is calculated and used as a measure of concordance. Insect host order was coded as an unweighted characteristic and randomly permuted 5,000 times. The observed measure was compared to the distribution of reconstructed measures determined for the permuted data.
RESULTS

ISSR-PCR as an isolate-specific marker
The banding patterns obtained from three subcultures of F-263 were identical, independent of the DNA concentration added to PCR reactions, while PCR reactions with 1 ng of DNA produced relatively weak intensity in some bands, as exemplified by Fig. 1. Variability among B . bassiana isolates as measured by ISSR-PCR was high (Fig.   ( )
2). In ISSR-PCR with 59 B. bassiana and 1 B. brongniartii isolates, CCA and GT primers each produced 31 and 29 fragments, respectively, which were all polymorphic. The CGA primer produced 26 fragments, of which 23 were polymorphic. The average gene diversities of CCA, GT, and CGA were 0.24, 0.28, and 0.24, respectively. When data from three primers were considered, each isolate represented a unique haplotype.
Comparison of ISSR-PCR with RAPD analysis
In ISSR-PCR against 20 B. bassiana isolates, 31, 29, and 26 fragments were produced with CCA, CGA, and GT primers, respectively. All of the fragments produced with the CCA primer were polymorphic, while 96.6 and 84.6% of the fragments were polymorphic for GT and CGA primers, respectively. The average gene diversities of CCA, GT, and CGA were estimated as 0.25, 0.32, and 0.23, respectively. Alternatively, RAPD primers, A-13, C-2, and C-5, produced 28, 20, and 25 fragments, respectively, all of which were polymorphic. Average gene diversities of A-13, C-2, and C-5 were estimated as 0.26, 0.36, and 0.25, respectively. While ISSR-PCR distinguished 20 B. Fig. 2 . Examples of DNA banding profiles generated by ISSR-PCR with (A) CCA, (B) GT, and (C) CGA primer. Amplicons were electrophoresed through 1.5% agarose in TBE buffer. 1, 12, Molecular size marker; 2, F-263 isolate; 3, F-335; 4, F-713; 5, F-1069; 6, F-1288; 7, F-1525; 8, F-1539; 9, F-1658; 10, F-1674; 11, F-1880 . Numbers in the left and right margins indicate the length of marker fragments in base pairs. Fig. 1 . DNA banding profiles generated by ISSR-PCR with the GT primer using different concentrations of template DNA from subcultures of Beauveria bassiana F-263. Amplicons were electrophoresed through 1.5% agarose in TBE buffer. 1, Molecular size marker; 2, 3, 4, culture no. 1; 5, 6, 7, culture no. 2; 8, 9, 10, culture no. 3. Template DNA concentrations were 1 ng/ml in lanes 2, 5, and 8; 5 ng/ml in lanes 3, 6, and 9; and 10 ng/ml in lanes 4, 7, and 10. Numbers in the left margin indicate the length of marker fragments in base pairs. bassiana isolates, RAPD was not able to separate all of the isolates with these three primers. F-1662 and F-1728 isolates had the same RAPD banding patterns. Although the congruency between similarities generated by ISSR-PCR and RAPD was incomplete (Fig. 3) , the Mantel test demonstrated that it was significant (Mantel r statisticϭ0.673, pϭ0.0001).
Characterization of Beauveria bassiana
Correlation between genetic similarity and host affiliation
Although significant concordance was detected between the genetic similarity of B. bassiana isolates and the insect order from which the isolates originated (PTP test, pϽ0.001), the concordance was incomplete. The dendrogram created by UPGMA analysis, and the insect and geographic locations from which fungi were isolated are shown in Fig. 4 . Some isolates with low genetic similarity were isolated from the same insect order, while some closely related isolates were collected from different insect orders (Fig. 4) . For example, F-1017 and F-547, which have low genetic similarity, were isolated from the insect order Hemiptera. The closely related isolates F-1111 and F-765 were isolated from Hymenoptera and Hemiptera, respectively. Several small clades consisted of isolates originating from Coleoptera, which were dispersed throughout the dendrogram and did not form a large clade. A similar pattern was found for isolates from Lepidoptera and Hymenoptera.
DISCUSSION
ISSR-PCR fingerprinting was successful; reproducible banding patterns were generated in repeated PCR assays, regardless of the concentration of template DNA or the subculture. ISSR-PCR could also detect a high degree of polymorphism in the FFPRI collection of B. bassiana, thereby proving ideal as a technique to discriminate isolates of this fungus. Fifty-nine isolates were separated with only three primers, illustrating the power ISSR-PCR. Furthermore, comparison of the ISSR-PCR and RAPD techniques highlighted that ISSR-PCR is a powerful tool for studying the genetic diversity of B. bassiana. Wang et al. (2005) employed this method to study genetic diversity among B. bassiana populations using several ISSR primers that were different from those used in this study, and reported high gene diversities comparable to those estimated in the present study. Recently, this method has been successful to determine the genetic variability of entomopathogenic fungi among or within fungal populations (Aquino de Muro et al., 2005; Tymon and Pell, 2005; Wang et al., 2005) . ISSR-PCR may be useful to trace the B. bassiana F-263 isolate after its introduction into the environment, but this will require testing a larger collection of isolates.
RAPD, which has been used for fingerprinting in the field of insect pathology, has been criticized for its lack of reproducibility. For RAPD to work, it is often necessary to screen for effective primers that generate reproducible results in each PCR system used. In contrast, several primers presented by Hantula et al. (1996) as ISSR-PCR primers have been used to detect genetic variation in a wide range of fungi (Hantula et al., 1998; Zhou et al., 1999; Grünig et al., 2001) . In this study, three of the four primers presented by Hantula et al. (1996) were adequate for isolate discrimination. Aquino de Muro et al. (2005) successfully used two of the four primers in their study of B. bassiana isolates from overwintering sites of heteropteran insects. A study of genetic diversity in the aphid pathogen Pandora neoaphidis (Tymon and Pell, 2005 ) is another example of successfully applying these same ISSR-PCR primers to study insect fungi. Although more surveys to find useful ISSR-PCR primers, like the study of Wang et al. (2005) , will lead to an elaborate analysis of fungal genetic diversity, ISSR-PCR using primers presented by Hantula et al. (1996) might also be widely useful for studying insect fungi. Figure 4 suggests that, in some cases, particular small groups of fungal isolates with similar genetic backgrounds are associated with particular insect orders in Japan. In such cases, it is possible that preferences for particular insect orders may evolve in these small genetic groups; however, there is no evidence of a prolonged intimate coevolution between B. bassiana and particular insect groups in Japan. This fungus is a facultative insect pathogen 569 Characterization of Beauveria bassiana Fig. 4 . Dendrogram constructed by an unweighted pair group method analysis (UPGMA) of a matrix of pairwise similarity values derived from ISSR-PCR data. Branch termini are labeled according to FFPRI isolate numbers, taxonomic class of insect species, and geographic origin from which fungi were isolated. Numbers on the nodes indicate bootstrap values (м50%) generated after 1,000 replications. subject to many environmental factors in the saprophytic phase of its life cycle. Thus, the saprophytic phase may be more important than the insect-pathogenic phase in determining the population genetic structure of this fungus, as already noted by Bidochka et al. (2002) .
Concordance of genetic similarity among B. bassiana isolates and their host affiliations has long been an attractive subject of study, but it is ambiguous (Rehner, 2005) . Rehner (2005) noted that successful detection of correlations between genotypes and host affiliation has been observed in studies in which sampling was conducted on local geographic scales. Thus, in general, the association of genotypes with particular insect groups may evolve at local geographic scales. It might also tentatively occur under conditions of epidemic structure (Maynard Smith et al., 1993) in which highly successful isolates increase in frequency through demes of particular insect groups and thereby produce clonal populations. To clarify this issue, it is necessary to conduct studies on the epidemiology and population genetics of B. bassiana.
The geographical location where fungi are isolated is known to be important for the B. bassiana population genetic structure (Glare and Inwood, 1998; Wang et al., 2003) . These authors found that the genetic relatedness of isolates was associated with geographical location. In the present study, easily discernible examples were evident, in which isolates from the same prefectures in Japan with the same host affiliation were grouped together. For example, B. bassiana F-1200, F-884 and F-917 isolates were all isolated from coleopteran insects in Hokkaido and clustered together. Therefore, geographic origin may have contributed to the concordance between genetic similarity and host affiliation observed in the present study; however, it was difficult to determine the relative importance of geographic origin and host affiliation here. Further studies are required using data from fungal collections, each of which includes isolates with the same host affiliations, but collected from geographic locations that differ from one another.
